The initial segment of the epididymis is vital for male fertility; therefore, it is important to understand the mechanisms that regulate this important region. Deprival of testicular luminal fluid factors/lumicrine factors from the epididymis results in a wave of apoptosis in the initial segment. In this study, a combination of protein array and microarray analyses was used to examine the early changes in downstream signal transduction pathways following loss of lumicrine factors. We discovered the following cascade of events leading to the loss of protection and eventual apoptosis: in the first 6 h after loss of lumicrine factors, down-regulation of the ERK pathway components was observed at the mRNA expression and protein activity levels. Microarray analysis revealed that mRNA levels of several key components of the ERK pathway, Dusp6, Dusp5, and Etv5, decreased sharply, while the analysis from the protein array revealed a decline in the activities of MAP2K1/2 and MAPK1. Immunostaining of phospho-MAPK3/1 indicated that down-regulation of the ERK pathway was specific to the epithelial cells of the initial segment. Subsequently, after 12 h of loss of lumicrine factors, levels of mRNA expression of STAT and NFKB pathway components increased, mRNA levels of several genes encoding cell cycle inhibitors increased, and levels of protein expression of several proapoptotic phosphatases increased. Finally, after 18 h of loss of protection from lumicrine factors, apoptosis was observed. In conclusion, testicular lumicrine factors protect the cells of the initial segment by activating the ERK pathway, repressing STAT and NFKB pathways, and thereby preventing apoptosis.
INTRODUCTION
Many studies of the epididymis have divided the organ into four gross anatomical regions: the initial segment, caput, corpus, and cauda. Each of these regions plays unique roles in the maturation, storage, and protection of spermatozoa [1] . Specifically, the initial segment, the most proximal region of the epididymis, is essential for male fertility because an underdeveloped initial segment results in male infertility [2, 3] . Therefore, it is important to understand how the initial segment is regulated and how it functions normally to contribute to male fertility.
It has been known that androgens play an important role in the regulation of initial segment function, but testicular luminal fluid factors, so-called lumicrine factors, also contribute to this regulation [4] . Blocking lumicrine factors from entering the epididymis results in a wave of apoptosis of epithelial cells of the initial segment, which does not occur in other epididymal regions and is not reversed by androgen replacement [5] [6] [7] [8] [9] . To examine the roles of lumicrine factors in the regulation of initial segment function, our laboratory and others have been using efferent duct ligation (EDL), a well-established technique, to prevent lumicrine factors from reaching the epididymis. Several experiments have provided evidence that apoptosis due to EDL was the result of only loss of lumicrine factors, as follows. 1) Except for unilateral EDL, different types of efferent duct obstruction including efferent duct cutting or obstruction of the ducts by microinjection with tissue glue also result in apoptosis [5, 6] . 2) The initial segment receives and returns blood via the superior epididymal artery and vein, respectively, with minimal anastomoses, with the vessels surrounding the efferent ducts [10] , and a carefully performed EDL would not affect blood supply. 3) Furthermore, Abe and Takano [6] have shown that the pathology observed in the initial segment following loss/changes in blood flow to the initial segment is different from that of the pathology following EDL; therefore, apoptosis following EDL is not caused by changes in blood supply. 4) Data published previously showed very specific changes in gene and protein expression levels following EDL [11] . 5) The apoptosis due to EDL affected only a subset of the cell population in the initial segment and ceased after 3 days in the rat [5] ; thus, it is a highly programmed event and is not due to tissue necrosis.
To interpret the apoptotic phenomenon following the loss of lumicrine factors, a ''lumicrine regulation hypothesis'' was proposed, which stated that lumicrine factors originating from Sertoli and/or germ cells passed out of the testis via the rete testis and efferent ducts and entered the epididymal lumen where they influenced receptors on the apical surface of initial segment epithelial cells and regulated cell function of the initial segment and protected the cells from apoptosis [4, 11, 12] .
In a previous study, microarray analysis of gene expression level was used to determine the effect of deprival of the lumicrine factors for 15 days [13] . The rat initial segment was divided into four subregions, 1a, 1b, 1c, and 1d, which were separated by the septa and were characterized by distinct morphologies with diversity of their corresponding transcriptomes [13] . In the absence of lumicrine factors for 15 days, the four subregions of rat initial segments regressed to a transcriptionally undifferentiated state [13] . As this study focused on the analysis of transcription differentiation among the subregions of initial segment and the changes following loss of lumicrine factors for a long period of time, it did not uncover mechanisms showing how the loss of lumicrine factors led to apoptosis.
Therefore, this present study focused on the early events following loss of lumicrine factors. Both Kinexus protein array and Affymetrix microarray analyses were employed to identify the early changes of downstream signal transduction pathways that eventually led to apoptosis. Thus, the goal of this study was to identify the cascade of events following loss of lumicrine factors and to elucidate the protective roles of the lumicrine factors in the initial segment.
MATERIALS AND METHODS

Animals
Normal adult male Sprague-Dawley rats (Hilltop Laboratories, Philadelphia, PA) weighing between 275 and 450 g were maintained on a 12L:12D cycle with free access to food and water in the University of Virginia vivarium. All experiments complied with the regulations set forth by the Animal Welfare Act (Public Law 91-579), the Guide for the Care and Use of Laboratory Animals (NRC, 1996) published by the U.S. Department of Health and Human Services, and the policies and procedures of the University of Virginia Institutional Animal Care and Use Committee.
EDL
To block testicular luminal fluid from reaching the epididymis, unilateral EDL surgeries were performed using the protocol that was previously described in detail [14] . Great care was taken to avoid ligating nearby blood vessels. For the control, a sham operation was performed on the contralateral side within the same animal. After the indicated time, rats were euthanized in a CO 2 tank, and tissues from the sham and EDL sides were collected. For mRNA experiments, tissues were stored in RNAlater at À208C for later RNA extraction. For protein extraction, tissues were immediately frozen in liquid nitrogen and stored at À808C until use.
Protein Array
Protein array analysis using Kinetworks was performed by Kinexus Bioinformatics Corp. (Vancouver, BC, Canada). This service utilized a proprietary technology in which multi-immunoblotting used panels of validated antibodies. It provided signal transduction protein profiling for each sample and information regarding the quantitative expression level for each protein detected. In this study, tissue lysates were prepared according to the company's instructions. Briefly, EDL and sham surgeries were performed, and then the proximal initial segments containing regions 1a and 1b [15] , also named segments 1 and 2 [13] , were recovered from sham, 6, and 12 h post-EDL. Three surgeries were performed for each time point to obtain three replicates; thus, a total of nine samples were collected. Each initial segment was washed twice in cold PBS and then homogenized in a Dounce glass homogenizer in 250 ll of lysis buffer (20 mM 3-(N-morpholino)propanesulfonic acid, pH 7.0, 2 mM ethylene glycol tetraacetic acid, 5 mM EDTA, 30 mM sodium fluoride, 20 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 5 lM pepstatin A, 10 lM leupeptin, 0.5% Triton X-100, 0.0017 mg/ml aprotinin, and 0.5 mg/ml Pefabloc) on ice. The homogenate was centrifuged at 16 000 3 g for 10 min at 48C. Supernatants were collected, protein concentrations were determined using the Bradford method (Bio-Rad, Hercules, CA), and the lysates were stored at À208C. The required amount of protein lysate for each sample was sent to Kinexus Bioinformatics Corp.
Three types of screens were performed. 1) Kinetwork expression-level kinase screening was designed to examine the kinase expression profile. Ninety-two immunoreactions were performed with each sample. 2) Kinetwork phospho-site broad coverage pathway screening was designed to detect the changes in the activities of the key components of a number of signal transduction pathways. As kinases often play major roles in signal transduction pathways, this screen detects kinase activities by measuring the phosphorylation levels of phosphorylation sites that are related to their activities. Therefore, we called this screen the kinase activity screen. Forty immunoreactions were conducted for each sample for this screen. 3) Kinetwork protein phosphatase screening was used to examine the phosphatase expression profile. Twentyeight immunoreactions were conducted on each sample for this screen.
Immunoblotting, signal measurement, and raw data normalization were performed according to a Kinexus standard protocol. The data from the Kinexus screens were analyzed using Excel software with one-way ANOVA, followed by a Tukey post hoc test, which was carried out with all biological replicates. Any sets that were significantly different (P , 0.05) were reported.
Removal of Spermatozoa from the Initial Segment
Using a dissection microscope, we injected dye-colored PBS solution into the lumen at the beginning of region 1a of the initial segment, using a 10 lmdiameter-tip glass pipette. The tubule at the end of 1b was cut, and spermatozoa from 1a and 1b regions were flushed, collected, and counted using a hemacytometer. Subsequently, the proteins were extracted from the collected spermatozoa ( Fig. 1, fraction 3) , from the washed 1a and 1b tissue (Fig. 1,  fraction 2) , and from the unwashed 1a and 1b tissue on the contralateral side ( Fig. 1, fraction 1) . Protein concentration was analyzed, and the total protein yields from each fraction were calculated. The same amounts of proteins from each fraction were loaded on SDS-PAGE gels and blotted with the indicated antibodies.
Immunoblot Analysis
Tissue pieces were homogenized in ice-cold radio-immunoprecipitation assay buffer with protease and phosphatase inhibitors (Thermo Fisher Scientific, Hanover Park, IL). The homogenate was centrifuged at 16 000 3 g for 5 min at 48C. Protein concentration was analyzed using the Bradford protein assay (Bio-Rad). Proteins were separated in SDS-PAGE gels and then transferred to nitrocellulose membranes. The membranes were blocked in 5% fat-free dry milk with Tris-buffered saline and incubated with the primary antibodies, then incubated with a 1:2000 dilution of alkaline phosphataseconjugated secondary antibody (Sigma, St. Louis, MO), and then reacted with 1-Step NBT/BCIP (Thermo Fisher Scientific, IL). The following primary antibodies used for immunoblot analysis were purchased from Cell Signaling Technology, Inc. (Beverly, MA): phospho-MAPK3/1 (T202/Y204) (code 9101, 1:1000 working dilution), MAPK3/1 (code 9102, 1:1000 working dilution), PTEN (clone 138G6, catalog no. 9559, 1:2500 working dilution). Additionally, ETV4 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA; clone 16, catalog no. sc-113, 1:500 working dilution). ACRV1 antibody (1:500 working dilution) was a generous gift from Dr. John Herr (University of Virginia) [16] .
Immunohistochemistry
Rat epididymal tissues were immersion-fixed in 4% paraformaldehyde in TBS overnight at 48C. After paraffin embedding and sectioning the tissue samples, slides were deparaffinized and rehydrated. Then, endogenous peroxidases were quenched by incubation in 0.5% H 2 O 2 in methanol for 30
Immunoblot analysis of different tissue fractions using phospho-MAPK3/1, PTEN, ETV4, and ACRV1 antibodies. Fraction 1 is the total tissue fraction from 1a and 1b regions of initial segment; fraction 2 is the tissue fraction without spermatozoa; fraction 3 is the washed out sperm fraction. Removal of spermatozoa did not affect the signal levels of phospho-MAPK3/1, PTEN, and ETV4. The sperm-specific signal of ACRV1 is weaker in the total tissue fraction compared to a stronger signal observed in the sperm fraction.
PROTECTIVE ROLES OF LUMICRINE FACTORS min. For antigen retrieval, slides were microwaved in antigen unmasking solution (Vector Laboratories, Burlingame, CA) for 10 min on a setting of high in a 1300-W microwave and cooled for 1 h at room temperature. After slides were blocked in a solution of 10% normal goat serum (Vector Laboratories), 0.5% (v/v) gelatin from cold-water fish skin (Sigma), and TBS for 1.5 h, they were further blocked in avidin D solution (Vector Laboratories) for 15 min and biotin solution (Vector Laboratories) for 15 min. Slides were then incubated overnight at 48C with phospho-MAPK3/1 antibody (code 9101, working dilution 1:100; T202/Y204; Cell Signaling Technology, Inc.) or PTEN antibody (138G6; code 9559, working dilution 1:200; Cell Signaling Technology, Inc.) in blocking solution. After being washed in TBS, the slides were incubated with a 1:200 dilution of biotinylated secondary goat anti-rabbit antibody (Vector Laboratories) in blocking solution for 1.5 h at room temperature. All slides were washed in Tris-buffered saline and incubated with avidin-biotin complex (Vectastain Elite ABC kit; Vector Laboratories) for 30 min at room temperature, reacted with diaminobenzidine (Sigma), and counterstained with Harris hematoxylin. Finally, the slides were dehydrated, cleared with xylene, and mounted with Vectamount permanent mounting medium(Vector Laboratories).
RNA Preparation for Microarray Hybridization
Immediately prior to processing, the tissue samples were thawed at room temperature, and the RNAlater was removed. Total RNA was extracted and further purified through RNeasy columns according to the manufacturer's instructions (Qiagen, Valencia, CA). All samples were treated with DNase with the column and eluted with diethyl pyrocarbonate-treated water. RNA was quantified by absorbance at 260 nm, and RNA quality was assessed using an Agilent Bioanalyzer (Palo Alto, CA) and spectrophotometric analysis. This measure of quality takes into account both the ratio of ribosomal bands as well as the presence of degraded products and, as such, is an accurate measure of mRNA quality.
Microarray Processing and Quality Control
Five micrograms of total RNA were used to generate biotin-labeled cRNA using an oligonucleotide (T7) primer in a reverse transcription reaction mixture, followed by in vitro transcription with biotin-labeled uridine triphosphate and cytosine triphosphate. Ten micrograms of cRNA were fragmented and hybridized to a RAE230 2.0 array (Affymetrix, Santa Clara, CA), which monitors over 31 000 transcripts. The hybridized arrays were stained in a Fluidics Station 450 and scanned with an Affymetrix Scanner 3000. All of the array images were visually inspected for defects and quality. Signal values for each array were determined using GeneChip operating system version 1.0 software (Affymetrix). In this microarray study, sham control and each EDL time point (sham, 6, 12, and 18 h) had four replicates, and a total of 16 arrays were hybridized.
Extensive quality control analyses were performed to examine array quality. First, R version 9.1 and AffQCReport version 1.24.0 software in the Bioconductor program (version 2.4) were used to identify any array with excessive background, low signal intensity, or major defects. Second, a number of quality metrics for each array were generated using Simpleaffy software, following Affymetrix recommendations. These metrics include average background intensity, scale factors and percentages of genes called present, ratios of hybridization efficiency between probes at the 3 0 and 5 0 ends of some control probe sets, and intensity of external control probes. Any array that failed to pass the quality criteria was excluded from further analysis. Third, the histogram and box plots of the distributions for each array before normalization and the pairwise comparison between arrays after normalization were generated and examined to detect any outliers. Finally, a number of diagnostic plots were computed by the tools provided in the AffyPLM software, including RNA digestion plot, normalized unscaled standard error plot, and relative log expression plot. All plots were used to detect major outliers within these 16 arrays.
Microarray Analysis and Generation of Differentially Expressed Gene Lists
Raw signal values were transformed using guanine cytosine robust multiarray average (GCRMA) background adjustment; therefore, all subsequent intensity values and fold change values were log base 2 value, except that the nonlogged values were used to generate a heat map of gene expression using Heatmap Builder version 1.1 software (inquiries to Clifton Watt, cliffy@cs.stanford.edu) and were compared with the gene copy number measured by real-time PCR. Statistically significant differences between the mRNA abundance levels of the sham and those at different EDL time points were determined using the empirical Bayes moderated t-test in the Bioconductor version 2.4 package, linear models for microarray data (LIMMA) [17] . The probe identities (IDs) were considered enriched if the following conditions were met: 1) a significant difference at the level of adjusted P 0.0001 (LIMMA test) existed between the control sham and EDL values and 2) a log base 2-fold change between the comparisons was greater than 0.5. The probe IDs that met these conditions were used for further analysis.
Gene Annotation
The probe IDs identified in the microarray analysis of interest were uploaded to Ingenuity pathway analysis (IPA) (version 8.0; www.ingenuity. com), and their molecular and cellular function annotations and overrepresented signal transduction pathways were defined by using the IPA annotation tools. The Fisher exact test was used to determine if a particular category of genes was overrepresented in the dataset. The tools from public domains such as Kyoto Encyclopedia of Genes and Genomes (KEGG) [18] and Gene Ontology (GO) [19] were also used for gene annotation.
Real-Time PCR
The isolation of total RNA and DNase treatment were described above. Synthesis of first-strand cDNA was performed using a Superscript first-strand synthesis system (Invitrogen, San Diego, CA) and 1 lg of total RNA in each reaction mixture. Real-time PCR quantification of gene transcript levels was conducted with the MJ Research Chromo 4 system (Bio-Rad) using a SensiMix dT kit (Bioline, Tauton, MA). Standard curves were generated with serial dilutions of plasmids containing the test genes or 18S rRNA gene fragment, which served as the loading control. The test genes included dual specificity phosphatase 5 (Dusp5), target of myb1 homolog (Tom1), platelet-derived growth factor receptor-like (Pdgfrl), ras association (RalGDS/AF-6) domain family member 4 (Rassf4), and fibrinogen gamma chain (Fgg). The following gene (GenBank accession number) and forward and reverse primer sequences, respectively, were used for each test gene:
0 and 5 0 -CATAGGCAGGCGT GAACACCGAGG-3 0 ; and Fgg (NM_012559) 5 0 -AAAGCCACGCAG CAGTTCTTAGTG-3 0 and 5 0 -TGTGGTGCCAGTAGGTGACAGGTG-3 0 . For each test gene, the transcription level was measured at sham and three EDL time points (6, 12 , and 18 h). For each time point, three individual samples were tested to obtain the means and SEMs. Because an unspecific DNA dye, SYBR-Green (Bioline), was used as the reporter, a melting curve technique was adopted to analyze the specificity of PCR products, which were also confirmed by agarose gel electrophoresis analysis. Finally, these data were analyzed using Microsoft Excel software.
RESULTS
Cellular Response to Loss of Lumicrine Factors
Following EDL, spermatozoa and fluid were cleared from the proximal initial segments (1a and 1b) by 6 h after surgery. Histological changes were not detected at this time. Apoptosis was detected in the initial segment 12-18 h post-EDL by TUNEL and cleaved CASP3 staining (data not shown). However, lymphocytic infiltration, which is a sign of inflammation, was not observed in the initial segment. By 24 h, apoptosis reached a maximum level and was fairly restricted to the cells located in region 1a, with some cells in region 1b also becoming apoptotic. The apoptosis lasted for an additional 48 h. Based upon this observation, only the proximal initial segments 1a and 1b were collected at 6, 12, and 18 h following EDL prior to the peak of apoptosis.
Changes in Protein Expression Levels and Activity Following Loss of Lumicrine Factors
To determine when apoptotic signaling began in the initial segment and which signaling proteins initiated this process, 160 immunoblotting reactions from three Kinexus screens were conducted for each of nine samples; thus, a total of 1440 1284 immunoreactions were conducted. From these screens, 15 proteins were shown to have expression levels or activity that was significantly altered (Table 1 ).
From the Kinetwork expression level kinase screen, only minimal changes were detected. At 6 h post-EDL, changes in expression levels of all kinases were not significant. As shown in Table 1 , four kinases showed significant changes (P , 0.05) in expression levels following 12 h of EDL.
From the Kinetwork phosphorylation site broad coverage pathway screen, changes in kinase activities were detected ( Table 1 ). The prosurvival kinases from the ERK pathway, MAP2K1/2 (MEK1/2) and MAPK1 (ERK2), declined in activities after 6 h of EDL and remained at low levels after 12 h of EDL (P , 0.01 versus sham). Additionally, the stressrelated kinases RPS6KA4/5 (MSK1/2), MAP2K6 (MEK6), and PRKCD (PKCdelta) showed significant changes in activities after EDL. RPS6KA4/5 had increased phosphorylation levels at autophosphorylation site S376 and, thus, had increased kinase activities after 12 h of EDL (P , 0.05). Compared to the sham control, MAP2K6 showed no significant change in activity at either 6 or 12 h post-EDL. However, MAP2K6 showed declined activity during 6 to 12 h post-EDL (P , 0.05). Compared to the sham control, PRKCD showed increased activity at both 6 and 12 h post-EDL (P , 0.05); however, the increase at 12 h was significantly lower than that at 6 h (P , 0.05).
From the Kinetwork protein phosphatase screen, 19 phosphatases were identified as being expressed in the initial segment, and 6 of those showed significant changes in expression levels following EDL. Notably, all six of those phosphatases had increased protein levels (Table 1) . Among them, PTEN responded rapidly to EDL; after 6 h of EDL, PTEN expression level increased significantly (P , 0.01). The other five phosphatases showed significant increase in expression levels after 12 h of EDL. It should also be noted that according to the microarray data, those six phosphatases did not show a change in mRNA level after EDL.
Validation of Protein Array Data
Because EDL removes both luminal fluid and spermatozoa, there is the possibility that the changes we observed in protein expression levels of initial segment tissue, as measured by the Kinexus screens, may be due to loss of spermatozoa because spermatozoa express several kinases [20] . However, our extensive studies showed that spermatozoa did not significantly contribute to total protein expression levels in the initial segment.
The number of spermatozoa was very low in regions 1a and 1b. The lumen volume of spermatozoa from these two regions was approximately 4-5 ll, and the number of spermatozoa flushed from these two regions was 5.5 3 10 5 6 1.1 3 10 5 (mean 6 SEM, n ¼ 3). Histological analysis of the tissue following the flushing experiments confirmed that lumens of the initial segment were mostly free from spermatozoa. Occasional spermatozoa were seen attached to the walls of the epithelial cells. Total protein yields from different fractions showed very low levels of protein in the total numbers of spermatozoa compared to those in the initial segment epithelium. Fraction 1 was the total tissue from regions 1a and 1b, and the protein amount was 1002.4 6 85.7 lg. Fraction 2 was tissue from regions 1a and 1b without spermatozoa, and the protein amount was 909.0 6 17.3 lg. Fraction 3 was the isolated spermatozoa, and the amount of protein was 54.3 6 9.6 lg. For each fraction, the data shown is mean 6 SEM, n ¼ 3. Therefore, spermatozoa only contributed approximately 5.6% of the total protein in regions 1a and 1b. Comparing fractions 1 and 2, the protein amount was not significantly different.
As shown in Figure 1 , phospho-MAPK3/1, PTEN, ETV4, and ACRV1(SP-10) were detected in fraction 1. However, in fraction 2, when spermatozoa were removed, we observed only a reduction in the expression level of the sperm-specific protein ACRV1. In fraction 3, a strong expression level of ACRV1 and a weak expression level of phospho-MAPK3/1 were observed. Expression of the epithelial protein ETV4 in fraction 3 was not observed, thereby demonstrating a lack of contamination of cells from the epididymal epithelium to the sperm fraction. We did observe a very weak signal of ACRV1 in fraction 2, confirming the presence of very small amounts of spermatozoa.
To further validate the Kinexus protein array data, we performed immunoblot analysis and immunostaining of phospho-MAPK3/1 (phosphor-ERK1/2) and total PTEN with the sham and EDL samples. The down-regulation of phospho- 
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MAPK3/1 and up-regulation of PTEN (Fig. 2, C and F) after 6 h of EDL detected by our immunoblot analyses were consistent with those of the Kinexus protein array data (Fig. 2, B and E). Activated MAPK3/1 (phospho-MAPK3/1) was shown to localize to the cytoplasm, apical, microvilli area (Fig. 2, D1 ), and nucleus (Fig. 2, A1 and D1) , and the intensity of staining declined to undetectable levels after 6 h of EDL (Fig. 2, D2) . Total PTEN was shown to localize to the cytoplasm and nucleus (Fig. 2, G) . The cytoplasmic expression level of PTEN was concentrated at the area near the apical membrane and microvillus area of epithelial cells (Fig. 2, G1 ). Repeated immunohistochemistry and immunofluorescence (data not shown) experiments showed that PTEN staining intensity increased after 6 h of EDL (Fig. 2, G2 ). Therefore, immunostaining was also consistent with that of the results from Kinexus screens. In the control, the signal from phospho-MAPK3/1 staining was abolished by preincubation of the synthesized phosphorylated MAPK3/1 peptide (Fig. 2, A2 ), which confirmed antibody specificity. As both phospho-MAPK3/1 and PTEN antibodies were raised in rabbits, we also performed anti-rabbit secondary antibody-only staining, which showed little background (Fig. 2, A3 ).
Global Changes in the Transcriptome Following Loss of Lumicrine Factors
In this study, all of our arrays passed extensive quality control testing. Primary microarray databases generated from them have been registered in the Gene Expression Omnibus (GEO) public domain under accession number GSE21806. The full chip set matrix as GCRMA log base 2 values and the matrix with nonlogged values were included in the database (http:// www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc¼GSE21806). Raw analysis of microarray hybridization revealed that 16 676 6 595 probe IDs were detected in each sample. Thus, the number of genes expressed in the initial segment was relatively constant in the sham and three EDL time points. The probe sets were considered differentially expressed only if they satisfied the criteria described in Materials and Methods. After the duplicated probe sets were filtered out, we identified 88, 467, and 535 genes that were differentially expressed after 6, 12, and 18 h of EDL, respectively, compared to the sham samples (Fig. 3) .
The lists of differentially expressed genes were analyzed using IPA software for molecular and cellular function analysis. In this analysis, related genes were annotated within the same category, which aided in the identification of biologically relevant processes. As shown in Table 2 , cellular growth and proliferation was the top significantly affected category at all three EDL time points. Cellular movement, cell death, and cell development were the next top cellular functions affected by EDL. In addition, the effects of EDL seen in most categories were more pronounced at later points following EDL. For example, 18 cell death-related genes were affected following 6 h of EDL; however, 95 and 129 genes related to cell death showed changes in their expression levels at 12 and 18 h post-EDL, respectively.
The dataset containing the comparison of gene expression levels of sham and 15-day EDL samples in region 1a was downloaded from the public domain Mammalian Reproductive Genetics (http://mrg.genetics.washington.edu). A gene was considered differentially expressed if 1) the statistics in the previous study indicated its expression level was ''regulated'' after 15 days of EDL in region 1a of the initial segment, and 2) the fold change of its gene expression level in region 1a was three times greater after 15 days of EDL. In this way, a differentially expressed gene list including 470 genes was generated and was examined by IPA software for the molecular and cellular function analysis. As shown in Table 2 , the top three most affected biologically relevant processes were carbohydrate metabolism, lipid metabolism, and small molecule biochemistry. Cell development, cell growth, and proliferation were the next most affected categories.
Signal pathway analysis using the tools from IPA, KEGG, and GO detected the pathways that were affected following loss of lumicrine factors. In the following discussion, we present the predominantly affected pathways.
Changes in ERK Pathway Following Loss of Lumicrine Factors
As shown in the heat map (Fig. 4A) , mRNA expression levels of ERK pathway components were down-regulated following loss of lumicrine factors. Dusp6 and Dusp5 mRNA levels, which are commonly regarded as the readouts for MAPK3/1 activities, decreased 2.5 to 3.4 in log base 2-fold changes following 6 h of EDL. The mRNA levels of three genes, Etv4, Etv5, and Etv1, which are the downstream transcriptional factors of MAPK3/1, started to decline at 6 h post-EDL and declined 3.0 to 5.9 in log base 2-fold changes at 12 h post-EDL. Two negative regulators of the ERK pathway, Spry2 and Spred2, showed a significant decrease in expression levels at 6 or 12 h post-EDL. Receptor adapter gene Shc1, associated with the upstream components of the ERK pathway, also showed a moderate but significant decline in transcription during 12 to 18 h of EDL. mRNA levels of ERK pathway components remained at a low level after 15 days of EDL (Fig.  4A) .
Changes in STAT Pathway Following Loss of Lumicrine Factors
mRNA levels of components of the signal transducers and activators of transcription (STAT) pathway were up-regulated following loss of lumicrine factors (Fig. 4B) . Stat1, Stat2, and Stat3 are key transcriptional activators of STAT pathways. Stat1 and Stat2 showed a significant increase in mRNA expression level after 12 h of EDL. At 18 h post-EDL, Stat1, Stat2, and Stat3 mRNA levels increased 1.0, 1.11, and 2.14 in log base 2-fold changes compared to those of the sham. At least four downstream target genes, Irf1, Fgg, A2m, and Cish, increased their mRNA expression levels significantly after 12 h of EDL. Additional targets, Ifitm1, Tap1, and Bcl3, showed increased mRNA expression levels at 18 h post-EDL. After Lipid metabolism (38) Small molecule biochemistry
Cell development
Cell growth proliferation (120) * Data shown are top affected function categories at each of EDL time points in an order based on the P value calculated by IPA.
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long-term EDL (15 days), the expression levels of most of the components in the STAT pathway returned to levels close to those of the sham control levels, except for Irf1, Ifitm1, and Cish (Fig. 4B) .
Changes in NFKB Pathway Following Loss of Lumicrine Factors
Similarly, mRNA levels of components of the NFKB pathway were up-regulated following loss of lumicrine factors (Fig. 4C) . The positive regulator Myd88 and the down-stream kinase Map3k14 (Nik) showed a significant increase in mRNA levels after 12 to 18 h of EDL. Members of the NFKB complex, Nfkbia and Rela, showed increased mRNA expression levels after EDL, although Nfkbia reached the highest level after 15 days following EDL. Three downstream target genes, Birc3, Casp3, and Icam, showed a significant increase in mRNA levels following 12 to 18 h of EDL. Similar to the STAT pathway, after 15 days of EDL, the expression levels of NFKB pathway components returned to a state similar to that of sham control (Fig. 4C) .
Changes in Cell Cycle Components Following Loss of Lumicrine Factors
Based on IPA, 13, 48, and 66 genes that belong to the cell cycle category were differentially expressed at 6, 12, and 18 h post-EDL, respectively. Focusing on the genes that directly control cell cycle progress, we found that five genes encoding cell cycle inhibitors, Cdkn1a (P21), Ywhah, Gadd45a, Gadd45g, and Wee1, showed an increase in mRNA expression levels following 12 and 18 h of EDL (Fig. 4D) . Additionally, Ccnd1 (gene encoding cyclin D, also known as CycD1) declined in mRNA expression levels at 12 h post-EDL (Fig.  4D) . After 15 days of EDL, mRNA expression levels of two cell cycle inhibitors, Gadd45a and Gadd45g, remained at significantly higher levels than that of the sham control, and Ccdn1 expression level remained low (Fig. 4D) .
Validation of Microarray Data by Real-Time PCR
To validate the Affymatrix microarray data, quantitative real-time PCR (qPCR) assays were performed to quantify mRNA levels of five selected genes, which included two upregulated genes, two down-regulated genes, and one gene without significant change following EDL. As shown in Figure  5 , the patterns of gene expression levels measured by qPCR (Fig. 5, right panel) were similar to those obtained from the microarray analysis (Fig. 5, left panel) , thereby confirming the reliability of our microarray data.
DISCUSSION
Validation of Protein Array Data
One concern about the protein array data was the change of protein expression levels, as measured by Kinexus screen, that was due to removal of spermatozoa after EDL. To rule out this 
, Spred2, and Spry2) had reduced mRNA levels after EDL. In the ERK pathway, the activation of MAP2K1/2 and MAPK3/1 kinases regulates the transcriptional factors including Etv4, Etv5, and Etv1, which in turn control the transcription of Dusp6, Dusp5, Spry2, and Spred2. DUSP6, DUSP5 and SPRY2 feedback negatively on MAPK3/1 and other kinases. B) Heat map showing the components of the STAT pathway (Stat1, Stat2, Stat3, Irf1, Ifitm1, Tap1, Fgg, A2m, Bcl3, and Cish1) had increased mRNA levels after 12-18 h of EDL, and then mostly returned to a level similar to the sham samples after 15 days of EDL. In the STAT pathway, Stat1, Stat2, and Stat3 are key transcriptional activator genes. The activated STAT proteins form dimmers that in turn regulate downstream target genes including Irf1, Fgg, A2m, Cish, Ifitm1, Tap1, and Bcl3. C) Heat map showing the components of the NFKB pathway (Myd88, Map3k14, Nfkbia, Rela, Birc3, Casp3, and Icam) had increased mRNA levels after 12-18 h of EDL, and then mostly returned to a level similar to the sham samples after 15 days of EDL. In the NFKB pathway, Myd88 and Map3k14 are two positive regulators. NfkBia and Rela are the members of NFKB complex. Birc3, Casp3, and Icam are three downstream genes linked to apoptosis. D) Heat map showing the genes encoding cell cycle inhibitors (Ccnd1, Gadd45g, Gadd45a, Cdkn1a, Ywhah, and Wee1) had increased mRNA levels after EDL, whereas Ccnd1 mRNA level was reduced. In the cell cycle pathway, Cdkn1a, Ywhah, Gadd45a, Gadd45g, and Wee1 are genes encoding cell cycle inhibitors, which repress the activity of the cyclins/CDKs (cyclindependent kinases) complexes to regulate cell cycle progression. In all heat maps, the red color represents higher gene expression level; the green color represents lower gene expression level.
1288 concern, we investigated if removal of spermatozoa alone affected the quantification of immunoblotting.
Based on our measurement, the lumen volume of 1a and 1b was about 4-5 ll, and the amount of spermatozoa in this area was 5.48 3 10 5 6 1.05 3 10 5 cells (mean 6 SEM, n ¼ 3). Therefore, the sperm concentration was ;1.22 3 10 8 cells/ml. In comparison with the caput and cauda sperm concentrations of 7.5 3 10 8 cells/ml and 17.5 3 10 8 cells/ml, respectively, previously reported [21] , relatively small amounts of spermatozoa were present in 1a and 1b regions of the initial segment.
Based on our calculation, sperm protein only contributed ;5.6% to the total tissue proteins of 1a and 1b; presumably, when immunoblotting was performed, the spermatozoa-attributed signal in the total tissue would be a small portion compared to the signal from the somatic cells, which are primarily epithelial cells. To confirm this, four proteins were investigated further. Among these four proteins, phospho-MAPK3/1 and PTEN represented the proteins that were expressed in both spermatozoa and epithelial cells of the initial segment (Fig. 2) . ETV4 represented the proteins exclusively expressed in the epithelial cells [15] , and ACRV1 represented sperm-specific proteins [16] . Indeed, removal of spermatozoa alone did not affect the measurement of protein expression levels in the immunoblotting experiments, except for the protein specifically expressed in spermatozoa (Fig. 1) .
Because the majority of proteins measured by Kinexus screen were not sperm-specific, the changes detected by Kinexus screen were not due to removal of spermatozoa but to loss of lumicrine factors. In this report, the immunostaining of phospho-MAPK3/1 and PTEN was performed, confirming that the changes in phospho-MAPK3/1 and PTEN levels after EDL occurred in the epithelial cells of initial segment and not because of removal of spermatozoa (Fig. 2, D and G) .
The combination of protein array and microarray analysis allowed us to identify a progressive cascade of events following loss of lumicrine factors. In the following discussion, we summarize the major events at each time point post-EDL, which facilitate our understanding of the protective roles of lumicrine factors under normal physiological conditions.
Cellular Response Following a ,6 Hour Loss of Lumicrine Factors
The ERK pathway is known to be a prosurvival pathway [22] , and ERK pathway was one of the earliest affected pathways following loss of lumicrine factors. Six hours post-EDL, the components of ERK pathway including the transcriptional factor Etv5 [15] and downstream target genes Dusp5, Dusp6, and Sry2 [22, 23] already showed a significant reduction in mRNA expression levels (Fig. 4A) . Most importantly, the activities of the key kinases MAP2K1/2 and MAPK1 [22] were sharply reduced (Table 1) . Thus, downregulation of ERK pathway was demonstrated at the protein activity and mRNA expression levels within the first 6 h following EDL, suggesting the protection of the initial segment was due to the action of the members of this pathway.
PIK3/AKT pathway is another prosurvival pathway, and its activity can be attenuated by PTEN [24] . Data from our protein arrays and immunostaining showed that PTEN was localized primarily near the apical membrane region, and its level increased rapidly within the first 6 h post-EDL (Fig. 2, E-G) . Data from our Kinexus protein array screen showed no significant changes in either AKT or RPS6KB1 (p70S6) activities following EDL. Further studies are needed to determine whether higher levels of PTEN observed after EDL actually repressed members of the PIK3/AKT pathway, which would lead to the loss of protection from this prosurvival pathway.
Data from the immunostaining of phospho-MAPK3/1 and total PTEN provided evidence that the down-regulation of MAPK3/1 activation and up-regulation of PTEN in the proximal initial segment were specific to the epithelial cells of the proximal initial segment (Fig. 2, D and G) , and these cells were directly in contact with lumicrine factors. To date, the identity of lumicrine factors is still unknown; however, our previous study showed that several growth factor receptors are 
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expressed in rat initial segment ( [25] and unpublished data), and FGFs and other growth factors were identified in rat testicular luminal fluid [25, 26] . Adding our new findings that the entire ERK pathway and the expression level of PTEN were regulated by lumicrine factors, we speculate that under normal physiological conditions, FGFs and/or other growth factors are putative lumicrine factors, which are secreted by testis and then pass through the efferent duct to bind with the receptors at the apical membrane of initial segment epithelial cells. Subsequently, lumicrine factors activate the ERK pathway and suppress PTEN to sustain the activity of the PIK3/AKT pathway, thereby protecting the epithelial cells from undergoing apoptosis.
Cellular Response Following a 6-18 Hour Loss of Lumicrine Factors
From 6 to 18 h post-EDL, the numbers of differentially expressed genes continued to increase (Fig. 3) , suggesting that a progressive response to loss of lumicrine factors resulted in a cascade of events leading to apoptosis. Importantly, numerous proapoptotic genes/proteins showed an increase in expression levels or activity following loss of lumicrine factors for 12 h (Table 1 and Fig. 4) .
The apoptosis-related kinases RPS6KA4/5, MAP2K6, and PRKCD showed changes in activities after EDL (Table 1) . Among them, nuclear kinases RPS6KA4/5, which are activated following mitogen stimulation or cellular stress [27] , had increased kinase activities following 12 h of EDL. Presumably, RPS6KA4/5 played a role in promoting apoptosis after loss of lumicrine factors. Both MAP2K6 and PRKCD are known to be critical proapoptotic signals in many cell types [28, 29] . In the initial segment, their activities had subtle changes following EDL (Table 1) . Further studies are needed to clarify the shift in activities in relation to the onset of apoptosis.
All six phosphatases, which showed an increase in their protein expression levels following 12 h of EDL (Table 1) , are proapoptotic phosphatases: 1) tyrosine phosphatase PTPRF (LAR) dephosphorylates death-associated protein kinase (DAPK) to stimulate the proapoptotic activities of DAPK [30] ; 2) DUSP4, a dual specificity phophatase that is located in the nucleus, inactivates MAPK3, MAPK1, and MAPK8 [23] , and is associated with several cellular processes including apoptosis; 3) both PTEN and PTPN6 (SHP1) attenuate cell survival PIK3AKT pathway, and their activity has been shown to play a role in apoptosis [24, 31] ; and 4) PTPN1 (PTP1B) was reported to dephosphorylate several receptor kinases. In addition, PTPN1 deficiency led to apoptosis resistance and, therefore, was considered to be a proapoptotic phosphatase [32] ; therefore, 5) PPP1CA is one of the three catalytic subunits of protein phosphatase 1 (PPP1) and was shown to be proapoptotic [33] . Interestingly, the protein expression levels of these six phosphatases increased following EDL, but none of them showed changes in mRNA expression level in our microarray analysis. The elevated protein expression levels of these phosphatases may be due to decreased proteolysis and/or increased protein stability. Presumably, the higher protein expression levels of these proapoptotic phosphatases promoted apoptosis following loss of lumicrine factors.
In our microarray analysis, mRNA expression levels of Stat1, Stat2, Irf1, Fgg, A2m, and Cish showed a significant increase following 12 h of loss of lumicrine factors (Fig. 4B) , implicating a correlation between activation of the STAT pathway and activation of apoptosis. Indeed, activation of the STAT pathway is known to be linked to apoptosis [34] . Lossof-function studies using antisense or dominant negative STAT reagents in cell lines and using animals lacking specific STATs demonstrated that the STAT pathway plays major roles in controlling cell cycle progression and apoptosis [34] .
Similarly, the components of NFKB pathway (Myd88, Nfkbia, and Icam) showed a significant increase in their mRNA expression levels following 12 h of loss of lumicrine factors (Fig. 4C) . The relationship between NFKB signaling and apoptosis depends upon the cell type and the stimulus involved. NFKB pathway activation may lead to suppression of apoptosis by activating the expression of antiapoptotic genes, or it may lead to promotion of apoptosis in response to certain death-inducing signals [35] . It seems that NFKB signaling has a role in the cell's decision to either fight or surrender to the apoptotic challenge [35] . In our study, the activation of NFKB pathway seems to play a proapoptotic role in the absence of lumicrine factors.
Cell cycle regulation was one of the major molecular and cellular functions affected by loss of lumicrine factors. IPA identified 48 genes, which belong to the category of cell cycle regulation, that were differentially expressed at 12 h post-EDL. Considering cell cycle regulation as a process intimately linked to apoptosis [36] , several cell cycle inhibitors draw special attention (Fig. 4D) . It is known that these inhibitors repress the functions of complexes of cyclins/cyclin-dependent kinases (CDKs), thereby promoting cell cycle arrest and apoptosis [37, 38] . Following loss of lumicrine factors for 12 h, two of these cell cycle inhibitors, Gadd45a and Gadd45g, showed an increase in mRNA expression levels, while mRNA level of Ccnd1 sharply declined (Fig. 4D) . It is likely that these changes would have a negative impact on cell cycle and promote apoptosis.
Finally, following 18 h of loss of lumicrine factors, the proapoptotic pathways STAT and NFKB were further activated, as more components from these two pathways (Stat3, Ifitm1, Tap1, Bcl3, Map3k14, Rela, Birc3, and Casp3) showed increases in mRNA expression levels (Fig. 4, B and  C) . Furthermore, additional cell cycle inhibitor genes (Cdkn1a, Ywhah, and Wee1) showed increases in mRNA expression level (Fig. 4D ). All these changes were consistent with the onset of apoptosis following 18 h of loss of lumicrine factors.
Cellular Response Following a .18 Hour Loss of Lumicrine Factors
Apoptosis due to the loss of lumicrine factors did not totally disrupt the lumen of the initial segment. Once apoptosis had ceased after 3 days, the apoptotic cells were removed through the epididymal lumen, and the initial segment recessed to a state similar to that of the caput [5] [6] [7] .
Unlike short-term (within the first 18 h) loss of lumicrine factors in which changes in the cellular processes such as cell proliferation and cell death were major events, greater changes in the metabolism of carbohydrates, lipids, and small molecules were observed following long-term (15 days) loss of lumicrine factors ( Table 2) .
The ERK pathway was inactivated after the first 6 h of EDL and remained inactive even after 15 days of EDL (Fig. 4A) . Because the initial segment is in an undifferentiated state following 15 days of EDL, we hypothesized that the ERK pathway may play a role in maintaining the differentiated state. Our recently published data [39] showed that the ERK pathway was activated between Postnatal Days 14 and 19 in the mouse initial segment shortly before the differentiation of initial segment and caput, thereby providing additional supporting evidence for the possibility that the ERK pathway is involved in differentiation of the initial segment. The STAT and NFKB pathways were activated shortly before the peak of apoptosis, and then the expression levels of the components of these two pathways returned to a level similar to that of the sham control after 15 days of EDL (Fig. 4 , B and C). This finding is consistent with the observation that apoptosis due to EDL ceased after 3 days, suggesting that the activation of STAT and NFKB pathways was a transient response to loss of lumicrine factors.
To summarize, following loss of lumicrine factors, the prosurvival ERK pathway was down-regulated, the proapoptotic pathways STAT and NFKB were up-regulated, proapoptotic phosphatases increased their protein expression levels, and cell cycle inhibitors showed an increase in mRNA expression levels. All of these events led to apoptosis in the initial segment. Therefore, our data support the hypothesis that under normal physiological conditions, testicular lumicrine factors maintain cell survival in the initial segment via ERK pathway activation, suppress stress-related pathways, e.g., STAT and NFKB, and suppress proapoptotic phosphatases and cell cycle inhibitors, thereby protecting the cells of the initial segment from undergoing apoptosis.
